1995). HGF/SF exerts powerful mitogenic effects on epithelial cells, including renal proximal tubule cells (Harris et al, 1993) , having been shown in mice to prevent the onset of renal dysfunction and to stimulate DNA synthesis of renal tubular cells (renal regeneration) after injury (Kawaida et al, 1994) . Serum levels of HGF/SF are rapidly induced after renal injury or failure (Chang et al, 1996) . HGF/SF is also believed to have a role in normal renal development and is the most potent renal tubular cell mitogen identified so far (Harris et al, 1993; Cantley et al, 1994; Woolf et al, 1995) . Precise details of how HGF/SF promotes renal tubular cell mitogenesis are not known, although HGF/SF stimulation has been reported to increase in vivo expression of the VEGF gene in non-renal systems (Silvagno et al, 1995) .
In adults, the most common form of kidney tumour is clear cell renal carcinoma, which arises from proximal tubular epithelial cells (PTECs), with papillary RCC (the second most prevalent RCC subtype) also thought to arise from these cells (Fleischmann and Huntley, 1994; see below) . Recently, germline mutations in c-met have been reported in familial papillary RCC (Schmidt et al, 1997) . Somatic mutations that inactivate the von Hippel-Lindau disease tumour-supressor gene (VHL) are the most commonly detected genetic event involved in the transformation of renal tubular cells into clear cell RCC, but have not been observed in papillary RCC (Latif et al, 1993; Foster et al, 1994; Gnarra et al, 1994; Herman et al, 1994; Shuin et al, 1994) . Germline mutations in the VHL gene cause von Hippel-Lindau disease (VHL), which is characterized by the development of clear cell renal cell carcinoma (RCC), phaeochromocytoma and retinal, cerebellar and spinal haemangioblastomas (Maher et al, 1990) . Reintroduction of the wild-type VHL gene into VHL-null RCC cells suppresses the ability to form tumours in nude mice Iliopoulos et al, 1995) . Although the VHL mRNA and protein are widely expressed, analysis of the differential expression of VHL mRNA in the kidney during human embryogenesis is compatible with a specific role in normal renal development (Richards et al, 1996) . These findings suggest that the VHL gene would appear to be intimately involved in the control of growth and differentiation of normal renal tubular cells.
The precise mechanisms whereby the VHL gene negatively regulates renal tubular cell growth are not clear, but the VHL protein (pVHL) binds to the elongin B and C proteins . These proteins (B and C, regulatory subunits) associate with elongin A (functional subunit) to form a heterotrimeric transcription elongation factor, elongin (SIll), which enhances RNA elongation by suppressing RNA polymerase II pausing Duan et al, 1995) . Thus, in the presence ofpVHL, elongins B and C are sequestered away from elongin A, and the transcriptional activity of the elongin complex is reduced (Duan et al, 1995) .
However, target genes regulated in this fashion by pVHL remain to be identified, although expression levels of several genes are known to be regulated at the level of transcript elongation. In addition, pVHL appears to down-regulate expression of vascular endothelial growth factor (VEGF), possibly by altering mRNA stability Iliopoulos et al, 1996; Siemeister et al, 1996) . Recently, it has been suggested that the VHL/elongin B/C complex may interact with other proteins to regulate cell cycle exit (Pause et al, 1997) . Little is known about normal upstream control of VHL gene expression, although the VHL promoter does contain a binding site for the PAX 2 developmental transcription factor (Kuzmin et al, 1995) , which is specifically expressed during, and required for, normal renal tubule development (Dressler and Douglass, 1992; Gnarra and Dressler, 1995) .
To investigate the mechanism of HGF/SF action and, specifically, to examine potential interactions between the HGF/c-met and the VHL-mediated pathways for renal tubular growth control, we have isolated untransformed PTECs from normal kidneys, developed conditions for their culture in vitro and examined the effect of HGF/SF stimulation of PTECs on mRNA expression of:
(1) VHL and related genes, such as elongin A, B and C and VEGF; (2) the nuclear transcription factor c-myc, which is likely to be relevant to renal tubule development because of its expression in the developing kidney and its aberrant mRNA expression in clear cell RCC (Yao et al, 1988; Spencer and Groudine, 1991) (c-myc is of particular interest with respect to the VHL/elongin system because of the reported regulation of its gene transcript levels by transcriptional elongation (Spencer and Groudine, 1991) via differential expression of P1 and P2 promoter-initiated transcripts); (3) the c-met receptor proto-oncogene; and (4) the c-fos nuclear transcription factor as a control early-response gene.
MATERIALS AND METHODS Isolation and culture of normal renal tubule cells
Proximal tubule epithelial cells (PTEC) were isolated from the cortex of normal human donor kidneys not used for transplantation because of technical reasons, using an adaptation of the methods of Detrisac et al (1984) . Cortical tissue was cut into approximately 1-mm cubes and subjected to collagenase digestion (60 mU ml-') for 15-20 min; collagenase activity was then neutralized with fetal calf serum (FCS), the resultant solution sieved through a 75-,um filter mesh and the effluent centrifuged. The cell pellet obtained was washed and plated out onto Petri dishes containing Dulbecco's modified Eagle medium (DMEM)/F12 culture medium (volume ratio 1:1) supplemented with selenium (5 jig ml-'), hydrocortisone (36 jg ml-'), insulin (5 jg ml-'), triodothyronine (4 pg ml-'), L-glutamine (4 
Stimulation of renal tubule mitogenesis with HGF/SF
PTECs from the third to sixth subpassage were grown to 70% confluence, then serum starved for 72 h before stimulation with HGF/SF. Initially, a series of dose-response experiments were performed using a range of HGF/SF concentrations and an MTT cell growth assay. Whereas exposure to 1 ng ml-' HGF/SF did not cause any increase in cell growth compared with control cells, exposure to a dose of 10 ng ml-' HGF/SF resulted in a mean 155% increase in cell growth compared with unstimulated cells over three independent determinations and was therefore selected for use in all subsequent HGF/SF stimulations (data not shown).
For analyses of gene expression changes after HGF/SF stimulation, proximal tubular cells were grown to 70% confluence, then serum starved for 72 h before exposure to 10 ng ml-' HGF/SF. Cells were harvested both before and after stimulation at given time points (0, 1, 2, 4, 8, 24 h) and then stored at -70°C. Two independent replicate stimulations of PTECs with HGF/SF were performed for subsequent determination of changes in gene expression. Primer design Pairs of oligonucleotide primers for polymerase chain reaction (PCR) amplification of the c-met, c-myc P1, c-myc P1 + P2combined
SC Clifford et al
(combined transcripts), and elongin A, B and C genes were designed using the Oligo4 software package. To control against contamination of cDNA results by genomic DNA, all pairs of primers were designed to amplify adjacent exons that span an intron. These primers and their optimal amplification conditions are summarized in Table 1 . Previously described primer pairs were used for amplification of the P-actin (Horikoshi et al, 1992) , VEGF (detecting VEGF121 165 189 ad 206 isoforms; Wizigmann-Voos et al, 1995), VHL and c-fos (Richards et al, 1996) genes. These primers also distinguish between cDNA and genomic DNA products. The optimal amplification conditions for these genes were (product size, annealing temperature, final magnesium chloride concentration); P-actin (232 bp, 56°C, 1.5 mM), VEGF (452, 584,  656, 707 bp, 55°C, 2 mM), VHL (343 bp, 620C, 1.5 mM), c-fos (452 bp, 62°C, 1.5 mM). The differentially sized cDNA and genomic DNA products generated by each set of primers were confirmed experimentally by PCR amplification and agarose gel electrophoresis. Final magnesium chloride concentrations required for the optimal PCR amplification of each gene were similarly determined (data not shown).
Primer labelling and PCR amplification conditions
Before PCR amplification, forward oligonucleotide primers were 32p radiolabelled at their 5' end using T4 polynucleotide kinase. For each labelling, the reaction mix comprised (50 pl final volume) l1.0 gl of sterile distilled water, 25.0 jl of appropriate forward primer (20 gM stock), 10.0 gl of 5 x polynucleotide kinase buffer (MBI Fermentas), 2,1 of [y-32P]ATP (10 pCi 1-1; Amersham), 2 pl of T4 polynucleotide kinase (15 U p1-1; MBI Fermentas). The reaction mix was then incubated at 37°C for 30 min, followed by a kinase inactivation step (70°C, 10 min) and stored at -20°C before use. Size markers (1 kb DNA ladder, Gibco BRL) were endlabelled using identical conditions, with 1 ,ug of ladder used as the DNA substrate in place of the oligonucleotide primer.
PCR reactions (final volume, 15 ,ul) were set up using the following standard conditions: 8.9 g1 of sterile distilled water, 1.5 ,l of 10 x PCR buffer [stocks containing 100 mM Tris-HCl (pH 8.8), 100 mm potassium chloride, 0.1% gelatin and magnesium chloride concentrations in the range between 2.5 and 50 mM*], 1.2 g1 of dNTP mix (containing 2.5 mm each dA, C, T, GTP), 0.8 p1 of 32p_ labelled forward primer* (10 pM stock, from primer labelling reaction), 0.4 p1 of reverse primer* -(20 gM stock), 0.2 g1 of Taq polymerase (1 U pl-l stock, Super Taq, HT Biotechnology), 2 pl of reverse transcription product. Individual PCR reactions were then overlayed with mineral oil and amplified as follows: 5 min initial denaturation step at 95°C, followed by the required number* of PCR cycles of 95°C, 1 min; x°C*, 1 min, 72°C, 1 min followed by a 10-min final extension step at 72°C. *See sections headed Primer design and Determination of gene transcript levels for individual amplification conditions for each gene. The identity of each PCR product was confirmed by direct sequencing (data not shown).
Determination of gene transcript levels
The amount of PCR product produced for a given target gene is only proportional to the gene transcript levels in the initial cDNA stock at cycle numbers at which amplification remains exponential (see Clifford et al, 1994) . Preliminary experiments were therefore performed to assess the PCR amplification kinetics of each target gene in our samples, using samples from a preliminary time course (data not shown). Amplification was found to be exponential for all samples in the time course at 24 cycles for all genes analysed, except elongin B (20 cycles) and 0-actin (15 cycles). These conditions were used in all subsequent analyses described, and ,-actin amplification kinetics were checked in all subsequent replicate time courses to confirm that these amplification conditions remained unchanged. The analysis of changes in gene transcript levels over each time course studied was performed for each gene by the simultaneous independent amplification of cDNA from all six time points (and a water blank control), using a commonly prepared reaction mix and the previously defined conditions. Two microlitres of gel loading buffer (stock containing 50% glycerol; 125 mM EDTA, pH 8.0; 0.1% sodium dodecyl sulphate (SDS); bromophemol blue/xylene cyanol) was then added to each sample, and 5 pl of the mix separated by ovemight electrophoresis (1.5 W, 12-18 h) on a 45 cm long x 0.5 mm thick non-denaturing polyacrylamide gel in 0.5 x TBE (4.5% acrylamide, 0.24% bis-acrylamide, 45 mM tris-borate, Gene expression in HGF/SF-stimulated renal tubular mitogenesis 1423 Figure  2E and F). In the first stimulation, rapid and equivalent increases in gene transcript levels were observed for both isoforms from 0 h reaching a peak at 4 h (>190% of TO levels), which was maintained through to 8 h after stimulation, transcript levels then fell and approached starting levels by 24 h. Similar rapid elevations in the expression of both sectreted VEGF isoforms were observed in the second stimulation, however the peaks in expression levels observed were less prolonged than in the first replicate, being found at 2 h (130-150% of the TO value) and having fallen away by the 4-h observation.
c-myc c-myc gene transcript levels rose significantly after stimulation with HGF/SF (P < 0.002, by AOV; see Figure 2G and H). Peak Target gene transcript levels (as % of mean levels) ± standard error (n = 3) Corresponding /actin gene transcript levels (as % of mean levels) ± standard error (n = 3) British Journal of Cancer (1998) .1i''- Figure 3 Changes in the ratio between Elongin A e levels over the time course of the two replicate stimL 1; -* -U-* -, replicate 2). Ratios were calculated us Figure 2 in both replicates [P < 0.003 (Elongin A), P < 0.015 (Elongin B), P < 0.001 (Elongin C); by AOV], with all three genes reaching peak levels 8 h after stimulation in both replicates [170-180% (Elongin A), 120-160% (Elongin B) and 120-150% (Elongin C) of TO levels, then falling to approach starting levels by 24 h after stimulation in all cases.
The ratio between Elongin A and VHL gene transcript levels at each time point was calculated for both time courses using the data shown in Figure 2 . The Elongin AIVHL ratio rose significantly in both replicates (P < 0.0003, by AOV) to reach peak levels 4 h (150% of TO levels, replicate 2) and 8 h (210% of TO levels, first 16 20 24 replicate) after stimulation (see Figure 3) Elongin A/Elongin B and Elongin A/Elongin C ratios were observed over the time courses of the two replicate stimulations (data not shown). levels of the P1 + P2 combined transcript were reached 4 h post stimulation (150-170% of TO levels) in both replicates, however, while levels remained elevated through 8 h in the first, they had fallen rapidly by 8 h in the second replicate. P1 + P2combined transcript levels fell and approached starting levels by 24 h in both replicates (see Figure 2G ). The patterns of change observed for P1 transcripts alone closely followed those reported for P1 + P2combined rising to a peak between 4 h (replicate 2) and 8 h (replicate 1) after stimulation (at 120-130% of TO levels), then falling to approach starting levels within 24 h (see Figure 2H) . No significant changes were observed in the ratio between P1 and P1 + P2 com.n transcript levels over the entire time course in either replicate (P > 0.169, by AOV).
c-met Transcript levels of the c-met gene rose significantly (P < 0.006, by AOV) after stimulation with HGF/SF (see Figure 2I ). Similar changes in c-met expression were observed in both replicate stimulations, with peak expression levels reached after 8 h in both replicates (130-170% of TO levels), followed by a drop in expression to levels approaching TO values by 24 h. c-fos Changes in c-fos mRNA levels were determined as a positive control and rose rapidly and significantly (P < 0.002, by AOV) to a peak level 1 h after stimulation with HGF/SF, then fell quickly to reach levels similar to TO by 4-8 h (see Figure 2J ). Similar trends were observed in both replicates, although peak levels were more pronounced in the second stimulation (350% vs 150% of respective TO values). c-fos mRNA levels were observed to rise significantly again (P = 0.0019, by t-test) between 8 and 24 h in the first stimulation, although no such change was found in the second replicate.
The VHLlelongin system
In the first replicate stimulation, the variations observed in transcript levels of the VHL gene were not significant [P = 0.18, by analysis of variance (AOV)]. The changes observed in the second replicate were, however, just significant (P = 0.032, by AOV), with peak levels observed at 8 h, 120% higher than those determined before stimulation (at TO) (see Figure 2D ). Significant variations were observed in both replicates for the three elongin subunits, all displaying closely similar patterns of change (see Figure 2A -C). Elongin A, B and C mRNA levels rose significantly
DISCUSSION
In this present study, we have isolated normal proximal tubular epithelial cells (PTECs) and developed conditions for their culture in vitro. To examine the mechanisms of action of HGF/SF-induced mitogenesis, we first determined conditions at which renal tubular cells can be stimulated to divide by exposure to HGF/SF. Changes in the mRNA expression of the VHL gene and related genes (cmyc, VEGF and elongin A, B and C) were then assessed during HGF/SF-stimulated renal tubule mitogenesis. To our knowledge, this is the first study to investigate possible associations between HGF/SF renal mitogenesis and changes in the VHL/elongin tumour-suppressor system. The nature of the changes induced after growth factor exposure are undoubtedly complex and interrelated, and the use of normal PTECs as our system of choice has allowed us to observe the changes induced by HGF/SF stimulation in untransformed cells carrying no genetic alterations. Our investigations have confirmed the striking growth, differentiation and morphological effects that HGF/SF exposure has on cultured normal renal tubule cells, and has additionally yielded useful initial information regarding the spectrum of transient changes in gene expression induced during PTEC mitogenesis. Similar patterns of change in expression were observed in both replicate stimulations for each of the genes analysed. These have provided good indications of the nature of the changes that occur in the expression of these genes after HGF/SF exposure. Specifically, the genes overexpressed and the order in which they peak during the time course studies are consistent over both replicates, with only the c-myc and VEGF peak durations showing any real difference between the two replicates. The observed differences have most likely arisen from small variations in cell culture and stimulation conditions. The degree of increase observed in both cell growth (155% increase compared with untreated controls) and candidate gene mRNA levels after HGF/SF exposure are entirely consistent with the highly differentiated, untransformed nature of the PTECs used which, unlike many tumour cell lines, do not display large changes in their growth rate after growth factor exposure. Furthermore, in view of the powerful mitogenic and morphogenic effects of HGF/SF on PTECs (Cantly et al, 1994; Woolf et al, 1995) , studies in which the observed changes in gene expression are related to cell cycle, proliferative and morphogenic parameters would be of further interest.
British Journal of Cancer (1998) 77(9) (Duan et al, 1995 (Lee et al, 1996; Stackhouse et al, 1996) . In addition, there is circumstantial evidence that, in vivo, VHL may not be a significant regulator of transcriptional elongation, but that its major effect is through protein binding interactions and cell cycle control (Pause et al, 1997) . We did not find evidence for profound changes in VHL mRNA levels after HGF/SF exposure, and the recent identification of germline c-met mutations in patients with hereditary papillary RCC (Schmidt et al, 1997) , together with the absence of VHL gene mutations in sporadic papillary RCC, suggests the presence of a non-VHLdependent pathway for HGF/c-met-stimulated proximal tubular epithelial cell growth. We note that up-regulation of VEGF mRNA levels is a consequence of both VHL inactivation (a common event in clear cell RCC) and stimulation of the HGF/SF-c-met axis (a feature of papillary RCC) in renal cell systems.
In untransformed PTECs, c-fos mRNA levels reached peak values within 1 h of exposure to HGF/SF as expected, followed by peak c-myc mRNA levels between 4 and 8 h, consistent with their reported roles as early-response genes after growth factor exposure.
In other experimental systems, peak c-fos mRNA levels have previously been demonstrated 30 min after HGF/SF exposure in cultured epithelial cells (Boccaccio et al, 1994) , and the induction of c-myc mRNA levels has been similarly observed as an early response to HGF/SF exposure in mouse epithelial cell lines (Johnson et al, 1995) . The c-myc gene can be expressed from four promoters (P0, P1, P2, P3), all of which appear to be regulated independently (Eick et al, 1990) , with RNA initiated at the P2 promoter usually contributing 80-90% of total steady-state c-myc RNA in normal cells (Spencer and Groudine, 1991) . RNA pol II pauses in the P2 promoter region, causing premature attenuation of P1 transcripts (Krumm et al, 1992) , with the rate of RNA pol II release from the P2 pause site shown to regulate c-myc transcriptional activity (Strobl and Eick, 1992; Kohlhuber et al, 1993 resulted from P2 initiation alone, no increases in P1 transcript levels would have been observed. Our data therefore suggest that the enhanced c-myc mRNA levels observed after HGF/SF stimulation are mediated through both P1-and P2-initiated transcripts, following closely similar patterns of change. Enhanced P2 transcript levels most likely arise through enhanced initiation, but the increased P1 transcript levels may result from changes in transcript elongation or enhanced initiation at the P1 promoter. The relationship between changes in c-myc P1 expression and possible HGF/SF-induced changes in the VHL-elongin system is unknown, but such changes could not account for HGF/SFinduced up-regulation of c-myc expression. VEGF is an endothelial cell-specific mitogen that induces angiogenesis and vascular permeability in vivo Keck et al, 1989; Leung et al, 1989) and is commonly up-regulated in sporadic RCC (Brown et al, 1993) as well as in VHL-associated hereditary and sporadic haemangioblastomas (Wizigmann-Voos et al, 1995) . Thus, VEGF overexpression has been hypothesized to play a role in determination of the vascularity observed in VHL-associated tumours and the formation of disease-associated cysts that may result from enhanced vascular permeability. Four differentially spliced VEGF isoforms have been described, the larger two of which are cell associated (VEGF 89 and VEGF206), while the smaller two are secreted proteins (VEGF121 and VEGF165) (Ferrara et al, 1991; Breier et al, 1992) . In PTECs, we observed increases in VEGF121 and 165 mRNA levels peaking at 2-4 h after exposure to HGF/SF, while expression of the cell-associated (VEGF189 and 206) isoforms was not detected. Enhanced VEGF mRNA levels may be induced by a number of events, including growth factor stimulation, induction Gene expression in HGF/SF-stimulated renal tubular mitogenesis 1427 of hypoxia and oncogene activation Grugel et al, 1995; Ikeda et al, 1995; Rak et al, 1995) . In addition, Silvagno et al (1995) have reported that HGF/SF induces expression of angiogenic factors, including VEGF in vivo, and that a neutralizing antibody to VEGF partly prevented HGF-induced angiogenesis. Our results are consistent with these observations and the concept that HGF/SF has a role in the control of renal angiogenesis during development and that this role is, at least in part, mediated through the induction of VEGF expression. As peak elongin mRNA levels occur up to 6 h after the observed VEGF peak, it seems unlikely that changes in VEGF expression result from enhanced transcriptional elongation. Up-regulation of VEGF expression in response to growth factors, such as platelet-derived growth factor, epidermal growth factor and tumour-promoting agent (phorbol ester), results from promoter activation (Grugel et al, 1995; Rak et al, 1995) , whereas the VEGF response to hypoxia appears to be primarily mediated at the mRNA stabilization level Ikeda et al, 1995) . The pVHL-induced changes in VEGF expression that have been demonstrated in vitro appear to be mediated post-transcriptionally through mRNA stabilization and not by influencing transcriptional elongation Iliopoulos et al, 1996) . Finally, our data support a role for the HGF/SF receptor (the cmet proto-oncogene) as a delayed early-response gene in PTECs (peak levels are reached at 8 h after stimulation). Similar results have previously been described by Boccaccio et al (1994) in an epithelial lung adenocarcinoma cell line, showing a peak in c-met mRNA expression at 4 h, which had fallen to basal levels by 16 h, after stimulation with HGF/SF. Thus, a feedback loop may exist whereby exposure of PTECs to HGF/SF results in the induction of c-met receptor expression, however it is presently unclear whether c-met expression is specifically induced by HGF/SF, or whether this represents a more general mitogenic response.
In summary, we have confirmed and extended previous studies that have demonstrated an association between HGF/SF-induced renal tubular mitogenesis and increased expression of c-myc, c-fos, c-met and VEGF. In addition, we have demonstrated that HGF/SF increases elongin mRNA levels. No profound changes in VHL mRNA levels were observed after HGF/SF, and current evidence suggests that alterations in the VHL/elongin pathway function associated with modulation of transcriptional elongation are unlikely to be an important mediator of HGF/SF-induced renal cell mitogenesis.
